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ABSTRACT
We present detailed multi-frequency, multi-epoch radio observations of GRB 140304A at z = 5.283
from 1 to 86GHz and 0.45d to 89d. The radio and mm data exhibit unusual multiple spectral
components, which cannot be simply explained by standard forward and reverse shock scenarios.
Through detailed multi-wavelength analysis spanning radio to X-rays, we constrain the forward shock
parameters to EK,iso ≈ 4.9 × 10
54 erg, A∗ ≈ 2.6 × 10
−2, ǫe ≈ 2.5 × 10
−2, ǫB ≈ 5.9 × 10
−2, p ≈ 2.6,
and θjet ≈ 1.1
◦, yielding a beaming corrected γ-ray and kinetic energy, Eγ ≈ 2.3 × 10
49 erg and
EK ≈ 9.5 × 10
50 erg, respectively. We model the excess radio emission as due to a combination of
a late-time reverse shock (RS) launched by a shell collision, which also produces a re-brightening
in the X-rays at ≈ 0.26d, and either a standard RS or diffractive interstellar scintillation. Under
the standard RS interpretation, we invoke consistency arguments between the forward and reverse
shocks to derive a deceleration time, tdec ≈ 100 s, the ejecta Lorentz factor, Γ(tdec) ≈ 300, and a
low RS magnetization, RB ≈ 0.6. Our observations highlight both the power of radio observations in
capturing RS emission and thus constraining the properties of GRB ejecta and central engines, and
the challenge presented by interstellar scintillation in conclusively identifying RS emission in GRB
radio afterglows.
1. INTRODUCTION
The mechanism producing the relativistic jets responsi-
ble for long-duration γ-ray bursts (GRBs) is understood
to involve a compact central engine such as a magne-
tar or accreting black hole, formed during core collapse
of a massive star (Woosley & Bloom 2006; Piran 2005;
Metzger et al. 2011). A crucial clue to uncovering the
nature of this mechanism and of the engine is provided
by studies of GRB jets, requiring detailed observations
and theoretical modeling of both the prompt γ-ray radia-
tion from magnetic reconnection or shell collisions within
the jet itself, and the afterglow generated when the jet is
decelerated by the circumburst environment (Sari et al.
1998).
Facilitated by data from Swift and Fermi, such
studies have revealed complex spectral and tempo-
ral features in both the prompt emission and the
afterglow, suggesting that GRB jets are episodic
and variable; theoretical studies suggest the variabil-
ity may be an intrinsic feature of the jet accelera-
tion mechanism (Fenimore et al. 1999; Aloy et al. 2002;
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Morsony et al. 2010; Lo´pez-Ca´mara et al. 2016). While
internal shocks within the ejecta arising from the col-
lision of material moving with different Lorentz fac-
tors are believed to be responsible for the production
of the prompt γ-ray radiation (Kobayashi et al. 1997;
Daigne & Mochkovitch 1998), long-lasting central en-
gine activity is a leading model for flares observed in
their X-ray afterglows (Fan & Wei 2005; Falcone et al.
2006; Chincarini et al. 2007, 2010; Margutti et al. 2010a,
2011a,b; Bernardini et al. 2011).
The observed γ-ray variability and late-time X-
ray and optical flaring activity has encouraged a
range of theoretical models predicting ejecta stratifi-
cation, including fragmentation of the accretion disk
due to viscous instabilities, two-stage collapse, fall-
back accretion, variability in the accretion rate, and
shell collisions (King et al. 2005; Perna et al. 2006;
Proga & Zhang 2006; Ghisellini et al. 2009; Vlasis et al.
2011; Geng et al. 2013; Guidorzi et al. 2015; Yu et al.
2015; Dall’Osso et al. 2017). The resulting struc-
tured ejecta profiles are expected to have a long-
term impact on the afterglow, producing a long-
lasting energy injection phase as slower shells catch
up with the forward shock (FS; Sari & Me´sza´ros 2000).
The injection is expected to flatten the afterglow
decay, and, if it occurs rapidly enough, to cause
an achromatic re-brightening in the afterglow light
curves (Kumar & Piran 2000; Zhang & Me´sza´ros 2002;
Granot et al. 2003; Beniamini & Mochkovitch 2017).
Such simultaneous optical and X-ray re-brightenings
have been seen in a few instances (Mangano et al. 2007;
Margutti et al. 2010b; Holland et al. 2012; Li et al. 2012;
Greiner et al. 2013; Panaitescu et al. 2013; Nardini et al.
2014; De Pasquale et al. 2015).
The injection process is expected to be accompa-
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nied by a reverse shock (RS) if the collision between
shells is violent, i.e., at large relative Lorentz factor
(Zhang & Me´sza´ros 2002). Identification and character-
ization of this RS may lead to deeper insight into the
jet production mechanisms, and by extension, the accre-
tion process. Whereas multi-wavelength modeling of the
observed X-ray to radio light curves suggests that com-
plex ejecta profiles may be ubiquitous in GRB afterglows,
these studies did not find evidence for the injection RS,
possibly due to physical effects such as the shell colli-
sion process being gentle, or due to observational con-
straints, such as limited wavelength coverage and tem-
poral sampling of the spectral energy distribution (SED)
of the afterglow (Laskar et al. 2015). In particular, the
RS produced by shell collisions is expected to peak in the
mm-band, where observational facilities have been scarce
(de Ugarte Postigo et al. 2012).
In Paper I of this series, we introduced our VLA study
of radio afterglows of GRBs at z & 5 (Laskar et al. 2017,
submitted). Here, we present radio through X-ray obser-
vations of GRB 140304A at z = 5.283, together with
detailed multi-band modeling using physical afterglow
models. The radio and mm observations exhibit mul-
tiple components, which cannot be explained as a stan-
dard FS and RS combination. We interpret the data in
the context of a model requiring a RS initiated by a shell
collision, and show that the resultant SEDs and light
curves are consistent with the signatures of energy injec-
tion visible in the X-ray and optical observations of this
event. The model suggests expansion into a wind-like
medium, and identification of one of the radio compo-
nents as the standard RS yields a measurement of the
ejecta Lorentz factor at the deceleration time. We em-
ploy a standard cosmology of Ωm = 0.31, ΩΛ = 0.69,
and H0 = 68km s
−1Mpc−1, all magnitudes are in the
AB system, all uncertainties are at 1 sigma, and all times
refer to the observer frame, unless otherwise specified.
2. GRB PROPERTIES AND OBSERVATIONS
GRB 140304A was discovered by the Swift Burst Alert
Telescope (BAT, Barthelmy et al. 2005) on 2014 March
4 at 13:22:31UT (Evans et al. 2014). The burst duration
in the 15–350keV BAT energy band is T90 = 15.6±1.9s,
with a fluence of Fγ = (1.2 ± 0.1) × 10
−6 erg cm−2
(15–150keV; Baumgartner et al. 2014). A bright opti-
cal afterglow was detected by the MASTER robotic net-
work (Gorbovskoy et al. 2014a), subsequently confirmed
by other ground-based observatories (Xu et al. 2014;
Volnova et al. 2014a,b; de Ugarte Postigo et al. 2014).
Spectroscopic observations 8.2 hr after the burst at the
10.4m Gran Telescope Canarias (GTC) provided a red-
shift of z = 5.283 (Jeong et al. 2014).
The burst also triggered the Fermi Gamma-ray Burst
Monitor (GBM) at 13:22:31.48UT (Jenke & Fitzpatrick
2014). The burst duration in the 50–300keV GBM
band is T90 = 32 ± 6 s with a fluence of (2.0 ± 0.2) ×
10−6 erg cm−2(10–1000keV). A Band-function fit to the
time-averaged γ-ray spectrum9 yields a break energy,
Epeak = 123±27keV, low energy index, α = −0.80±0.22,
and high-energy index, β = −2.35 ± 0.43. Using the
source redshift of z = 5.283, the inferred isotropic equiv-
9 From the Fermi GRB catalog for trigger 140304557
alent γ-ray energy in the 1-104 keV rest frame energy
band is Eγ,iso = (1.2± 0.2)× 10
53 erg.
2.1. X-ray: Swift/XRT
The Swift X-ray Telescope (XRT, Burrows et al.
2005b) began observing the field at 75.2 seconds after
the BAT trigger, leading to the detection of an X-ray af-
terglow. The source was localized to RA = 2h2m34.26s,
Dec = +33d28′ 25.7′′ (J2000), with an uncertainty radius
of 1.5′′(90% containment)10. XRT continued observing
the afterglow for 5.3 d in photon counting mode, with the
last detection at 3.0 d.
We extracted XRT PC-mode spectra using the on-
line tool on the Swift website (Evans et al. 2007, 2009)11
in the intervals 125 s to 1557 s (spectrum 1) and 5192 s
to 5.78 × 105 s (spectrum 2)12. We downloaded the
event and response files generated by the on-line tool
in these time bins, and fit them using the HEASOFT
(v6.16) and corresponding calibration files. We used
Xspec to fit all available PC-mode data, assuming a
photoelectrically absorbed power law model (tbabs ×
ztbabs × pow), fixing the galactic absorption column at
NH,Gal = 7.68 × 10
20 cm−2 (Willingale et al. 2013), and
tying the value of the intrinsic absorption in the host
galaxy, NH,int, to be the same between the two spectra
since we do not expect any evolution in the intrinsic ab-
sorption with time. We find marginal evidence for spec-
tral evolution between the two spectra across the orbital
gap; the results are summarized in Table 1. In the fol-
lowing analysis, we take the 0.3 – 10 keV count rate light
curve from the Swift website and compute the 1 keV flux
density using our spectral models, with ΓX = 1.87 before
1557 s and ΓX = 2.27 thereafter. We combine the uncer-
tainty in flux calibration based on our spectral analysis
(7% in spectrum 1 and 16% in spectrum 2) in quadra-
ture with the statistical uncertainty from the on-line light
curve.
For the WT-mode, we convert the count rate light
curve to a flux-calibrated light curve using Γ = 2.5
and an unabsorbed count-to-flux conversion factor of
3.9 × 10−11erg cm−2ct−1 as reported on the Swift web-
site. The WT-mode X-ray light curve declines rapidly
as t−4.0±0.8 to 1.3 × 10−3 d. Similar early, rapidly de-
clining X-ray light curves are frequently observed in
XRT light curves, and have been speculated to arise
from the high-latitude component of the prompt emis-
sion (Kumar & Panaitescu 2000; Tagliaferri et al. 2005;
Nousek et al. 2006; Willingale et al. 2010). Alterna-
tively, this steep decay could also arise from the end of a
preceding flare, the beginning of which was missed during
spacecraft slew. The PC mode data beginning at 146 s
are also dominated by flaring activity until ≈ 2× 10−2 d.
We therefore do not consider the X-ray data before
2× 10−2 d in our afterglow modeling.
2.2. Optical
The Swift UV/Optical Telescope (UVOT,
Roming et al. 2005) observed GRB 140304A begin-
ning 138 s after the burst (Marshall & Evans 2014). We
10 http://www.swift.ac.uk/xrt_positions/00590206/
11 http://www.swift.ac.uk/xrt_spectra/00590206/
12 All analysis reported in this section excludes the flare between
20 ks and 23 ks
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Table 1
XRT Spectral Analysis for GRB 140304A
Parameter Spectrum 1 Spectrum 2
Tstart (s) 125 5192
Tend (s) 1557 5.78× 10
5
NH,gal (10
20 cm−2) 5.98
NH,int (10
22 cm−2) 3.8+1.5−1.4
Photon index, Γ 1.87± 0.07 2.27± 0.15
Flux (obs†) 1.61+0.11−0.10 × 10
−10 1.62+0.30−0.23 × 10
−13
Flux (unabs‡) 2.0× 10−10 2.3× 10−13
Counts to flux (obs†) 2.6× 10−10 3.6× 10−11
Counts to flux (unabs‡) 3.3× 10−10 5.1× 10−11
C statistic (dof) 425 (469)
Note. — †0.3–10 keV, observed (erg cm−2 s−1); ‡0.3–10 keV un-
absorbed (erg cm−2 ct−1).
Table 2
Swift UVOT Observations of GRB 140304A
∆t Filter 3σ Flux Upper Limita
(d) (mJy)
7.08× 10−2 white 2.38× 101
7.60× 10−2 b 3.70× 101
2.67× 10−1 b 7.24× 101
. . . . . . . . .
Note. — This is a sample of the full table avail-
able on-line.
analyzed the UVOT data using HEASOFT (v. 6.16)
and corresponding calibration files and list our derived
upper limits in Table 2. We compiled all observations
reported in GCN circulars and present the compilation
in Table 3.
2.3. Millimeter: CARMA
We observed GRB140304A with the Combined Array
for Research in Millimeter Astronomy (CARMA) begin-
ning on 2014 March 04.02 UT (0.54 d after the burst)
in continuum wideband mode with 8 GHz bandwidth
(16 windows, 487.5 MHz each) at a mean frequency of
85.5 GHz. Following an initial detection (Zauderer et al.
2014), we obtained two additional epochs. All observa-
tions utilized J0237+288 as phase calibrator. The first
two epochs additionally utilized 3C84 as bandpass cali-
brator and Uranus as flux calibrator. For the third epoch,
the array shut down due to high winds, truncating ob-
servations at a total track length of 1.9 h and preventing
observations of the flux calibrator.
We derived a linelength calibration to account for ther-
mal changes in the delays through the optical fibers con-
necting the CARMA antennas to the correlator using
MIRIAD (Sault et al. 1995), and performed the rest of
the data reduction using the Common Astronomy Soft-
ware Applications (CASA; McMullin et al. 2007). For
the third epoch, we used the flux density per spectral
window and mean spectral index (−0.81± 0.02) of 3C84
derived from the first two epochs for flux calibration.
Our derived flux density values for the gain calibrator
in the third epoch are consistent at all spectral windows
with the values obtained from the first two epochs, where
Uranus was available as a flux calibrator. We summarize
our mm-band observations in Table 4.
2.4. Centimeter: VLA
We observed the afterglow using the Karl G. Jansky
Very Large Array (VLA) starting 0.45d after the burst.
We detected and tracked the flux density of the afterglow
from 1.2GHz to 33.5GHz over seven epochs until 89 d
after the burst, when it faded beyond detection at all
frequencies. We used 3C48 as the flux and bandpass
calibrator and J0205+3212 as gain calibrator. We carried
out data reduction using CASA, and list the results of
our VLA observations in Table 4.
3. BASIC CONSIDERATIONS
3.1. Optical and X-rays
The X-ray light curve exhibits a steep decline followed
by flaring behavior until the first Swift orbital gap begin-
ning at 1.7 × 10−2 d. Such flaring behavior in the early
X-ray light curve is often attributed to prolonged central
engine activity (Burrows et al. 2005a), and we therefore
do not consider it further in the context of the after-
glow. The subsequent X-ray light curve exhibits a flare
or re-brightening event at ≈ 0.26 d, where the light curve
rises steeply by a factor of ≈ 4 between 0.13 and 0.26 d,
corresponding to a rise rate13, α = 2.0 ± 0.3. Such late-
time flares and re-brightenings are less common in GRB
X-ray light curves (Curran et al. 2008; Bernardini et al.
2011) and have variously been ascribed to instabilities
in the accreting system (Perna et al. 2006; Kumar et al.
2008; Rosswog 2007), magnetic field-driven turbulence
(Proga & Zhang 2006), magnetic reconnection (Giannios
2006) or by energy injection due to low-Lorentz fac-
tor ejecta (Margutti et al. 2010b; Hascoe¨t et al. 2012;
Xin et al. 2012; Laskar et al. 2015).
In the scenario where the XRT data at 0.26 d are
dominated by a flare, a fit to the X-ray light curve be-
tween 0.04 and 4.0 d ignoring the flare yields a power
law decay rate of αX = −0.80 ± 0.12. Interpolat-
ing the X-ray light curve using this value to 0.58 d
(the time of the first RATIR optical/near-IR obser-
vation; Butler et al. 2014b,a) yields a flux density of
Fν,X(0.58 d) = (4.8±1.0)×10
−5 mJy (Figure 1). On the
other hand, assuming that the XRT data at 0.26 d are
part of a re-brightening event (and dominated by after-
glow emission), a fit to the light curve at & 0.24d yields
a decay rate of αX = −1.5±0.1 with an interpolated flux
density of Fν,X(0.58 d) = (12.9± 1.4)× 10
−5 mJy.
We plot these interpolated X-ray flux density mea-
surements together with the RATIR optical and near-IR
(NIR) observations at 0.58 d in Figure 2. A power law
fit to the four longest wavelength RATIR observations
(zYJH ) after correction for Galactic extinction yields a
spectral index of βNIR−opt = −0.98 ± 0.20. The flux
density in the r′ and i′ bands is considerably lower than
the extrapolation of this power law, consistent with in-
tergalactic medium (IGM) absorption given the redshift
of z = 5.283. In comparison, the spectral index be-
tween the RATIR H-band measurement and the inter-
polated X-ray flux density is βNIR−X = −0.96 ± 0.02
or βNIR−X = −1.09 ± 0.03. The X-ray spectral index,
13 We employ the convention, Fν ∝ tανβ throughout.
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Table 3
Optical Observations of GRB 140304A
∆t Observatory Instrument Filter Frequency Flux density Uncertainty† Detection? Reference
(d) (Hz) (mJy) (mJy) 1=Yes
9.49× 10−4 ICATE MASTER CR 4.56× 1014 7.70× 10−1 1.56× 10−1 1 Gorbovskoy et al. (2014b)
1.99× 10−3 ICATE MASTER CR 4.56× 1014 4.64× 10−1 9.38× 10−2 1 Gorbovskoy et al. (2014b)
3.40× 10−3 ICATE MASTER CR 4.56× 1014 2.32× 10−1 4.70× 10−2 1 Gorbovskoy et al. (2014b)
. . . . . . . . . . . . . . . . . . . . . . . . . . .
Note. — †An uncertainty of 0.2 AB mag is assumed where not provided. The data have not been corrected for Galactic extinction. This is a
sample of the full table available on-line.
Table 4
GRB140304A: Log of radio observations
∆t Facility Frequency Flux density Uncertainty Det.?
(d) (GHz) (mJy) (mJy)
0.45 VLA 4.9 0.036 0.012 1
0.45 VLA 7.0 0.073 0.011 1
0.54 CARMA 85.5 0.656 0.235 1
. . . . . . . . . . . . . . . . . .
Note. — The last column indicates a detection (1) or non-detection
(0). This is a sample of the full table available on-line.
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Figure 1. Swift XRT light curve of GRB 140304A at 1 keV (black
points). Data before 0.02 d are dominated by flaring activity, while
after the first orbital gap (starting at 0.02 d) the light curve exhibits
a large flare / re-brightening event at 0.26 d. The lines are fits to
data from 0.2 to 4.0 d (red) and from 0.04 to 4.0 d excluding the
flare (blue). The latter would require an additional break at ≈ 4 d
to account for the upper limit at 5.3 d. The colored points at
0.58 d are the inferred interpolated flux density at 0.58 d from
the two power law fits, derived for the purpose of comparing with
multi-wavelength RATIR observations at this time (Section 3.1 and
Figure 2).
βX = −1.29 ± 0.25 is marginally steeper, suggesting a
break frequency may lie between the optical and X-rays.
RATIR claimed a second detection of the optical af-
terglow in z′-band at 1.5 d at low significance (4.9σ).
We note that the measured flux density is greater than
the upper limit in the adjacent Y -band in the same
epoch. Assuming this second z′-band detection is real,
the decay rate between 0.58d and 1.59d in this band is
αz = −1.3 ± 0.2. On the other hand, the constraints
on the decay rate from the other bands with a detection
at 0.58d are αi . −1.8, αY . −1.6, αJ . −1.4, and
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Figure 2. NIR to X-ray spectral energy distribution of the af-
terglow of GRB 140304A at 0.58 d. The NIR and optical data
(black points) are from RATIR (Butler et al. 2014b), while the X-
ray data (red and blue points) have been interpolated using two
different fits to the Swift XRT light curve (Figure 1). The dashed
line and the shaded regions indicate the best fit power law to the
RATIR zYJH data and its 1σ error bound. The X-ray to NIR SED
is consistent with a single power law, though the X-ray spectrum
suggests the cooling frequency may be located between the NIR
and X-ray bands at 0.58 d. The grey solid line is the best-fit model
(Section 4.2).
αH . −1.5. Further analysis requires a simultaneous un-
derstanding of the radio light curves, and we return to
this point in Section 4.
3.2. Radio
We now discuss the radio SED at each epoch from
0.45d to 89 d. The radio emission is expected to arise
from a combination of FS radiation from the interaction
of the relativistic GRB ejecta with the circumburst envi-
ronment, and RS radiation from within the ejecta itself.
Whereas the FS continually accelerates electrons, result-
ing in radio spectra comprising smoothly joined broken
power law components, radiation from the RS arises from
a cooling population of electrons and declines exponen-
tially above the so-called cut-off frequency. Motivated by
these physical possibilities, we fit the data with a combi-
nation of the following models in each instance wherever
data quality allows:
Model 1 – Broken power law:
Fν = Fb
(
(ν/νb)
−yβ1 + (ν/νb)
−yβ2
2
)−1/y
. (1)
This model has the property that Fν(νb) = Fb; how-
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Table 5
Radio spectral fits for GRB 140304A
∆T (days) 1.5 4.5 8.5 18.2 18.2
Ncomp 2 1 2 1§ 2§
Type† exp exp exp bpl exp
νpeak (GHz) 6.6± 0.4 21.9± 1.6 8.5± 0.3 15.6 ± 3.2 4.5± 0.8
Fpeak (mJy) 0.25 ± 0.01 0.33± 0.02 0.143± 0.005 0.086± 0.007 0.058 ± 0.07
β1 2.5‡ 2.5‡ 2.5‡ 0.45± 0.18 2.5‡
β2 . . . . . . . . . −1.7± 1.0 . . .
y . . . . . . . . . 3.0‡ . . .
Type† exp . . . exp . . . bpl
νpeak (GHz) 69 ± 13 . . . 36.9± 2.1 . . . 11.9± 1.1
Fpeak (mJy) 0.76 ± 0.20 . . . 0.226± 0.006 . . . 0.09± 0.01
β1 2.5‡ . . . 2.5‡ . . . 2.5‡
β2 . . . . . . . . . . . . -1.1‡
y . . . . . . . . . . . . 3.0‡
Note. — §The SED at 18.2 d can be fit with one or two components. †Type =
‘bpl’ indicates a broken power law model (equation 1), and type = ‘exp’ indicates an
exponential cut-off model (equation 2). ‡Held fixed.
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Figure 3. Radio SED of GRB 140304A at 0.5 d with a single
broken power law fit. The low- and high-frequency spectral indices
are fixed at 2 and 1/3, respectively (Section 3.2.1).
ever, the exact location of the peak (where ∂Fν/∂ν = 0)
depends on β1 and β2.
Model 2 – Power law with exponential cut-off:
Fν = Fb
(
ν
νb
)β1
eβ1(1−ν/νb). (2)
This model has the properties that Fν(νb) = Fb and
∂Fν
∂ν |νb = 0.
3.2.1. SED at 0.45 d
Rapid response observations at the VLA and CARMA
yielded C-band (5 and 7GHz) and 85.5GHz detections
of the afterglow at 0.45d (1.7 h in the rest frame). The
5GHz to 7GHz spectral index is steep, β = 2 ± 1,
while the 7GHz to 85.5GHz spectrum is shallower, β =
0.9 ± 0.2. We fit the data at 0.5 d with a broken power
law model (model 1; equation 1), with the spectral in-
dices fixed at β = 2 at low frequencies. We note that
the data do not allow us to constrain both the high fre-
quency spectral index and the location of the spectral
break simultaneously. We set the high-frequency spec-
tral index to β = 1/3, corresponding to the optically thin
low-frequency tail of synchrotron emission from shock-
accelerated electrons, and fix the smoothness, y = 5. In
the best fit model (Figure 3), the spectral break occurs at
16GHz and a flux density of 0.24mJy with uncertainty
≈ 10%, dominated by the uncertain value of y.
3.2.2. SED at 1.5 d
We sampled the afterglow radio spectrum at 11 approx-
imately evenly logarithmically-spaced frequencies span-
ning 5GHz to 90GHz with the VLA and CARMA at
1.5 d, yielding the most detailed spectral radio coverage
of any GRB radio afterglow at the time of acquisition.
The SED at 1.5 d exhibits two emission peaks, a fea-
ture unexpected in GRB radio afterglows. The spec-
tral index between 5GHz and 7GHz remains steep, with
β = 1.0± 0.2.
We fit the spectrum with a sum of two exponential
cut-off models (each model 2; equation 2). To account
for the steep spectral index at the lower frequency end of
both observed peaks in the spectrum, we fix the model
spectral index at β = 2.5 for both components. The peak
frequencies in our best fit model are located at (6.6 ±
0.4)GHz and (69±13)GHz, with flux densities of (0.25±
0.01)mJy and (0.76± 0.20)mJy, respectively (Figure 4).
We summarize these results in Table 5.
3.2.3. SED at 2.5 d
Only C-band data were obtained at 2.5 d due to
a scheduling constraint. The afterglow was only
marginally-detected in the upper side band (7GHz; Fig-
ure 4), implying that the emission component creating
the spectrum peak at 6.4GHz had faded away by 2.5 d
with a decline rate, α ≈ −3.
3.2.4. SED at 4.5 d
We obtained another VLA radio SED spanning
1.4GHz to 40GHz at 4.5 d, the mm-band afterglow hav-
ing faded beyond the detection limit of CARMA. No
source was detected at L-band (1.4GHz), while the re-
mainder of the radio SED exhibits a steep low-frequency
spectrum and a clear single peak. The data can be fit
with a single broken power law model with β1 = 2.5
6 Laskar et al.
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Figure 4. Radio SEDs of GRB 140304A (red points) at four epochs. Top left – SED at 1.5 d with sum of two power law plus exponential
cut-off models (Section 3.2.2). Also shown are the available radio data at 2.5 d (grey square and upper limits; Section 3.2.3). Top right –
SED at 4.5 d with a broken power law fit (Section 3.2.4). Center left – SED at 8.5 d with sum of two power law plus exponential cut-off
models (Section 3.2.5). Center right – SED at 18.2 d with sum of a power law plus exponential cut-off and broken power law model. The
high-frequency spectral index of the higher frequency component is not well constrained; the model shown here is plotted with β2 = −1.1
and y = 3 (Section 3.2.6). The low-frequency spectral index is fixed at 2.5 for both components in all four epochs from 1.5 d to 18.2 d.
Bottom panel – SEDs at a mean time of 41.3 d (left) and 89 d (right; Section 3.2.7).
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(fixed), β2 = −0.69 ± 0.39, νb = (14 ± 1)GHz, and
Fb = 0.30± 0.02mJy (Figure 4).
3.2.5. SED at 8.5 d
Our next full radio SED at 8.5 d spanning 4.9GHz to
40GHz yields a spectrum that rises steeply from 4.9GHz
to 7GHz, with β = 1.1 ± 0.4 and exhibits a plateau to
40GHz, with marginal evidence for two components. We
fit the spectrum with a sum of two exponential cut-off
models, fixing the slopes of the power law components
at β = 2.5. The peak frequencies in our best fit model
are located at 8.5 ± 0.3GHz and 37 ± 2GHz, with flux
densities of (0.143± 0.005)mJy and (0.226± 0.006)mJy,
respectively (Figure 4).
3.2.6. SED at 18.2 d
Due to the faintness of the radio emission, the VLA
SED at 18.2 d can be fit with a variety of different mod-
els. We present a fit with a sum of a cut-off power law
model and a broken power law model in Figure 4, fix-
ing the lower-frequency slopes of both components at
β = 2.5. Since the high-frequency spectral index of the
higher frequency component (β2) and the smoothness of
the break (y) are not well constrained, we fix β2 = −1.1
and y = 3. The peak frequencies in this model are lo-
cated at 4.4 ± 0.9GHz and 11.8 ± 1.2GHz, with flux
densities of (0.056± 0.08)mJy and (0.086± 0.009)mJy,
respectively.
3.2.7. SEDs at 41.3 d and 89 d
The final two epochs of VLA radio observations com-
prise radio spectra sampled at 8–10 approximately evenly
logarithmically-spaced frequencies spanning 5GHz to
35GHz. The afterglow fades from the previous epoch
at 18.2 d to 41.3 at all observed radio frequencies. The
large error bars at 41.3 d do not allow for an unambigu-
ous model fit. The afterglow was not detected at any
observing frequency in the final epoch at about 89 d. We
include the observed SEDs at these last two epochs in
Figure 4.
3.3. Radio light curves
The multiple components observed in the radio SEDs
are also evident in the light curves. The 7GHz light
curve exhibits a rapid brightening from 0.45d followed
by a fading to 4.5 d. The precise rise and decline rates
are not well constrained. Simple power law fits yield a
rise rate of 1.1± 0.1 and decline rate of −3.4± 0.6, while
a broken power law fit with the peak time fixed at 1.5 d
yields a rise rate of ≈ 1.3 from 0.45d to 1.5 d followed
by a decline at the rate ≈ −4.1 for y = 5. The light
curve exhibits a re-brightening from 4.5 d to 8.5 d, with
rise rate ≈ 2 followed by a decline at the rate ≈ −1.1 for
a broken power law fit with peak time fixed at 8.5 d and
y = 5 (Figure 5).
On the other hand, the 13.5GHz light curve can be fit
with a single broken power law model, with a rise rate,
αKu,1 ≈ 0.4, decline rate, αKu,2 ≈ −1.0, and break time,
tb,Ku ≈ 5.4d, for fixed smoothness, y = 5. The CARMA
85.5GHz light curve exhibits modest evidence for a rise
from 0.45d to 1.5 d at the rate ≈ 0.2; however, the low
signal-to-noise of the detections preclude a more detailed
analysis.
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Figure 5. VLA 13.5 GHz (green) and 7 GHz (blue) light curves,
together with best fit broken power law models and the resulting
temporal slopes indicated. The smoothness of the breaks are fixed
to y = 5, and the break times for the 7 GHz light curve are fixed
to 1.5 d and 8.5 d, respectively. The CARMA 85.5GHz light curve,
which exhibits weak evidence for a rise, is shown for comparison
(brown points).
3.4. Unexpected behavior: multiple radio components
Radio synchrotron radiation from relativistic shocks
expanding adiabatically yield spectra where the peaks
move to lower frequencies and fade with time (Sari et al.
1998). In this paradigm, the radio SEDs and light curves
suggest that three distinct emission components con-
tribute to the radio emission. We characterize and dis-
cuss each component in turn, followed by a critical dis-
cussion in section 5 on the physical nature of the multiple
emission components.
3.4.1. Component I
Component I creates the low frequency peak in the
spectrum at 1.5 d and fades rapidly, disappearing by the
time of the following observations at 2.5 d (Figure 4).
Since this component is not detected at any other time,
its evolution cannot be further constrained in a simple
manner by the radio observations; however, any model
explaining this component must account for the rapid
rise observed at C-band from 0.45 to 1.5 d (α ≈ 1.3),
and the fast fading (α ≈ −3.4 to α ≈ −4.1) thereafter.
3.4.2. Component II
This component is identified as the high-frequency
peak in the spectrum at 1.5 d. The peak of the radio
emission for this component is νpk = 69 ± 13GHz with
flux density, Fν,pk = 0.76 ± 0.20mJy at 1.5 d. Compo-
nent II comprises the entirety of the radio emission at
4.5 d, with a peak at 14.2 ± 0.1GHz and flux density
Fν,pk = 0.30 ± 0.02, corresponding to a decline rate of
−1.4± 0.2 in νpk and −0.8 ± 0.2 in Fν,pk between 1.5 d
and 4.5 d. This component additionally creates the low-
frequency peak at 8.5 d (νpk = 8.5± 0.3GHz) and 18.2 d
(νpk = 4.4± 0.9GHz), and is marked “II” in Figure 4.
Since we observe Component II at four separate epochs
(1.5, 4.5, 8.5, and 18.2 d), we can fit for the temporal
evolution of its peak frequency and peak flux density.
If this component shares the same start time as the af-
terglow (we relax this assumption later), the evolution
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100 101
Time (days)
1010
1011
B
re
a
k 
Fr
e
q
u
e
n
cy
 (
H
z)
t−1. 3
100 101
Time (days)
10-1
100
P
e
a
k 
Fl
u
x
 D
e
n
si
ty
 (
m
Jy
)
t−1. 2
Figure 6. Evolution of the break frequency (left) and peak flux (right) of Component II in the radio SED of GRB 140304A for single
power law (solid) and broken power law (dashed) models. For the broken power law fit to the evolution of the peak flux density, the break
time and break sharpness have been fixed to 3 d and y = 5, respectively. The two models provide equally good fits for the peak frequency,
and we prefer the single power law evolution for simplicity. The broken power law model is a better fit for the evolution of the peak flux;
however, the break time and pre-break evolution are degenerate. Annotations in the figures refer to the single power law fits. See Section
3.4.2 for details.
of the spectral peak can be fit with a single power law,
νpk = (1.3±0.2)×10
11t−1.25±0.08d Hz. A broken power law
model does not significantly improve the fit for νpk. Fit-
ting a single power law to Fν,pk for all four epochs yields
Fν,pk = (1.69 ± 0.26)t
−1.15±0.07
d mJy (χ
2/dof= 4.5). A
broken power law yields a better fit, but the time of this
break is degenerate with the pre-break decline rate. For
example, for a break time of 3 d and smoothness, y = 5,
the best fit requires Fν,pk ∝ t
−0.4±0.4 transitioning into
Fν,pk ∝ t
−1.30±0.09 (Figure 6).
We note that evolving νpk and Fν,pk as a single power
law to earlier time over-predicts the clear band flux den-
sity observed by MASTER at 9.5 × 10−4 d by a factor
of 1400. Imposing a break in Fν,pk leads to a discrep-
ancy of a factor of 14. We return to this point in Section
5.3. These models do not produce significant X-ray flux.
We conclude that Component II does not connect spec-
trally and temporally to the X-ray and optical bands,
and therefore forms a distinct emission component in-
dependent of the mechanism producing the X-ray and
optical radiation.
3.4.3. Component III
This component first appears in the radio SED at 8.5 d
with a peak around 37GHz and contributes the bulk of
the observed flux above 10GHz at 18.2 d. The observed
SED at 41.3 d is also expected to include significant con-
tribution from this component. Comparing the observed
SEDs at 8.5 d and 18.2 d, we derive the temporal evolu-
tion of the spectral break frequency and peak flux density
to be αν,pk = −1.5± 0.1 and αF,pk = −1.2± 0.2 between
these two epochs, respectively. In the next section, we
show that this component does connect with the optical
and X-ray observations and therefore likely arises from
the FS. The rapid decline of the peak flux density at
& 8.5 d suggests that a jet break occurs after 8.5 d.
3.5. Summary
To summarize, the radio data exhibit three distinct
spectral components. Components I and II appear at
0.5 d – 18.2 d and do not connect with the optical and X-
ray SED. We consider physical models for their origin in
Section 5. Component III appears at 8.5 d at the highest
cm-band frequencies (≈ 30GHz) and likely arises from
the FS.
4. SINGLE-COMPONENT MODELS
In the above discussion, we have argued for the pres-
ence of multiple spectral components in the VLA radio
observations. For simplicity, we begin with a search for
single-component radio models that explain the gross fea-
tures of the radio SEDs and light curves in this section,
and discuss multi-component radio models in Section 5.
We interpret the radio observations together with the
X-ray and optical/NIR data in the framework of the
standard synchrotron model, where the observed SED
is characterized by three spectral break frequencies –
the self-absorption frequency, νa, the characteristic syn-
chrotron frequency, νm, and the cooling frequency, νc –
and an overall flux normalization, fpeak (Sari et al. 1998;
Chevalier & Li 2000; Granot & Sari 2002).
Single-component radio models for GRB140304A can
be divided into two categories based on the interpreta-
tion of the X-ray light curve, in particular, the rapid
re-brightening at 0.26 d. If this excess is ascribed to a
flare, then the underlying X-ray light curve decline rate
is αX ≈ −0.8. Over this same period, however, the opti-
cal light curve is declining at least as steeply as αopt ∼
αz′ ≈ −1.3, and perhaps as steeply as αopt ∼ αi . −1.8.
In the standard synchrotron model, the largest differ-
ence between αX and αNIR (when both are steeper than
α = −2/3) is ∆α = −1/4, which occurs on either side
of the cooling frequency. It is thus impossible to arrange
this scenario where a higher frequency light curve is de-
caying at a shallower rate than at lower frequencies, and
both are declining faster than α = −2/3, if the two light
curves are dominated by radiation produced by the same
shock. Thus in this situation, the X-ray and optical light
curves after 0.26 d must arise from different emission re-
gions.
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Figure 7. Radio to X-ray SED of GRB 140304A at 1.6 d (black
points) and 8.5 d (blue points), with a zoom in to the radio section
(inset), together with the best fit model (grey, solid), decomposed
into FS (dashed) and double RS (dotted) contributions (Section 5).
The dash-dot line is a single power law extrapolation from the X-
ray to the radio, demonstrating that νradio ≈ νm < νX < νc with
p = 2.07 cannot match the radio and X-ray observations (Section
4.1). In this plot, the interpolations required to plot the SED at a
common time of 1.6 d are . 10% and therefore ignored.
We therefore consider two possible scenarios: (i) the
X-ray excess at 0.26 d is a flare caused perhaps by ex-
tended central engine activity, while the near-IR radia-
tion between 0.58 d and 1.59 d is produced by a different
mechanism, or (ii) the X-ray and optical light curves are
dominated by the FS and the X-ray excess at 0.26 d is a
re-brightening of the FS radiation. We investigate both
models in detail, beginning with the first scenario.
4.1. X-ray excess at 0.26 d due to flare
If we ascribe the X-ray excess at 0.26d to a flare, the
optical and X-ray emission must arise from distinct emis-
sion regions as discussed above. Under the assumption
that the X-rays are dominated by the FS, the decline
rate αX = −0.8± 0.12 implies αX =

2−3p
4 =⇒ p = 1.73± 0.16; νm, νc < νX
3(1−p)
4 =⇒ p = 2.07± 0.16; νm < νX < νc (ISM)
1−3p
4 =⇒ p = 1.40± 0.16; νm < νX < νc (wind)
(3)
For the standard assumption of 2 < p < 3, the only
viable scenario is the second case above; however, this
model has several shortcomings. First, νX < νc would
predict βX = (1 − p)/2 ≈ −0.54, which is not consistent
with the observed value, βX ≈ −1. Second, if we anchor
the theoretical SED to FX ≈ 2×10
−5mJy at ≈ 1.5 d and
extend this spectrum to lower frequencies, we underpre-
dict the optical by a factor of ≈ 30, although this was
already expected. Third, this model also underpredicts
the CARMA detection by a factor of ≈ 80; in fact it is
impossible to reconcile the ν(1−p)/2 spectrum with the
radio observations without additional radio components
(Figure 7).
We conclude that interpreting the X-ray excess as due
to a flare would require additional components in both
the optical and radio at 1.5 d. This is driven by the
unexpectedly shallow decline in the X-rays, αx ≈ −0.8
after 0.1 d, combined with a steep decline in the opti-
cal and a bright radio afterglow. Thus single-component
radio models, which are the focus of this section, can-
not explain the X-ray and radio observations under the
assumption that the X-ray excess at 0.26d is due to a
flare.
4.2. All X-ray emission from FS
We now consider the X-ray excess to be due to a re-
brightening event, possibly arising from an episode of en-
ergy injection into the FS (e.g. Sari & Me´sza´ros 2000).
In this scenario, we ignore the X-ray data before ≈ 0.2 d
for the moment, and expect the X-ray and optical obser-
vations after this time to match a single FS model. We
note that βX = −1.29± 0.25 is marginally different from
βNIR−opt = −0.98 ± 0.20 and βNIR−X = −0.96 ± 0.02
at 0.58d; which results in three possible scenarios: (i)
νc > νX at 0.58 d, implying p = 1− 2β ≈ 3, and predict-
ing a common decline rate of αX ≈ αNIR ≈ −1.5 (ISM)
or α ≈ −2 (wind). Since αX = −1.5 ± 0.1, the wind
model is ruled out, but the p ≈ 3 ISM model is viable.
(ii) νc < νNIR at 0.58d. This implies p = −2β ≈ 2,
and requires a common decline rate of αX ≈ αNIR ≈ −1.
The steeper observed decline rate could be explained by
a jet break between 0.3 and 2 d. (iii) νNIR < νc < νX at
0.58d. The X-ray decline rate of αX = −1.5 ± 0.1 then
implies p ≈ 2.67 ± 0.13, predicting βX = −1.3 ± 0.06,
βNIR = (1−p)/2 = −0.84±0.07, and αNIR = 3(1−p)/4 =
−1.3 ± 0.1 (ISM) or αNIR = (1 − 3p)/4 = −1.7 ± 0.1
(wind). The steeper observed spectral index in the near-
IR may then be explained by a small amount of extinc-
tion in the host galaxy.
The observed X-ray and NIR spectral indices (βX =
−1.29± 0.25 and βNIR = −0.98± 0.20) are not strongly
constraining, and the model is consistent with the ex-
pected light curves in both ISM and wind scenarios. In
Section 3.4.3, we showed that Component III in the radio
behaves like an FS with a jet break between ≈ 8.5 and
18.2d. Since coeval detections spanning the radio to X-
ray bands only exist before ≈ 3 d where the radio SEDs
exhibit multiple components, a simple determination of
the location of νc is not straightforward. In the next sec-
tion, we construct a model explaining the X-ray, near-IR,
and radio light curves and SEDs under case (iii) above
for the wind environment, and show that the other cases
are disfavored. The remaining possibilities are presented
in appendix A for completeness, and their associated fig-
ures are available in the on-line version of this article.
For a wind environment, we expect αNIR = (1− 3p)/4.
Thus −1.8 . αNIR . αz′ ≈ −1.3 implies 2.1 . p .
2.7, which yields −1.5 . αX . −1.1, also consistent
with observations. We find a good fit to the X-ray and
optical light curves with p ≈ 2.6 and νc above the NIR
band (Table 6). This model fits the optical and light
curves after 0.2 d well, and also captures the evolution
of the radio SED after ≈ 18.2 d. Our best fit model has
ǫe ≈ 2.5 × 10
−2, ǫB ≈ 2.9 × 10
−2, A∗ ≈ 2.6 × 10
−2,
and EK,iso ≈ 4.9× 10
54 erg. The model requires modest
extinction, AV ≈ 0.1mag, and a jet break at tjet ≈ 10.6 d,
corresponding to a jet opening angle of 1.1 deg.
4.3. Energy injection into the FS
In the preceding section, we have argued that the X-ray
excess at ≈ 0.26d likely arises from a re-brightening of
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Table 6
Parameters for best-fit wind model
Parameter Value
Ordering at 0.1 d νNIR < νc < νX
p 2.59
ǫe 2.5× 10−2
ǫB 5.9× 10
−2
A∗ 2.6× 10−2
EK,iso,52 4.9× 10
2
tjet (d) 10.6
θjet (deg) 1.13
AV (mag) 0.09
νa (Hz) 3.0× 108†
νm (Hz) 2.0× 1014
νc (Hz) 6.4× 1015
Fν,max (mJy) 4.2
Eγ (erg) 2.3× 1049
EK (erg) 9.5× 10
50
Etot (erg) 9.7× 1050
ηrad ≈ 2%
Note. — All break frequencies are
listed at 0.1 d. † These break frequen-
cies are not directly constrained by
the data.
the afterglow, rather than from late-time central engine
activity. We now model the rapid rise in the X-ray light
curve as energy injection into the FS using the methods
described in Laskar et al. (2015).
Since νc < νX at the time of the re-brightening, the X-
ray flux density, FX ∝ E
2+p
4 t
2−3p
4 . The light curve rises
during this period as t2.0±0.3, which yields E ∼ t3.0±0.3.
Starting with the afterglow model, we find a good fit to
the re-brightening event for E ∼ t3.8 between 0.15d and
0.26d, close to the value expected from simple consid-
erations. This corresponds to an increase in EK,iso by a
factor of ≈ 8 from EK,iso ≈ 6.1 × 10
52 erg at 0.15 d to
≈ 4.9 × 1054 erg at 0.26d. The resultant r′-band light
curve14 also agrees with the MASTER optical observa-
tions between 3 × 10−3 d and 4 × 10−2 d. Our best-fit
wind model is presented in Figures 8 and 9. We investi-
gate the ISM case for the three possible locations of νc
relative to νNIR and νX (as described in Section 4.2) in
Appendix A, and present the associated light curves and
radio SEDs in Figures 12, 13, 14, 15, 16, and 17, includ-
ing the effects of energy injection. However, in each case
the models significantly under-predict the optical light
curve before 4× 10−2 d, and are therefore disfavored.
To summarize, the continued high flux density of the
X-ray detections after ≈ 1 d suggests that the X-ray ex-
cess at ≈ 0.26 d is not due to late-time central engine
activity, but is caused by a re-brightening of the FS radia-
tion. The multi-band data are consistent with a wind-like
circumburst medium, requiring a single episode of energy
injection at ≈ 0.2 d. The resultant model fits the optical
and X-ray evolution and matches the radio SED after
18 d. However, this model under-predicts the CARMA
14 Given the high redshift of the GRB, z = 5.283, the optical
r′ and i′-band observations are significantly affected by IGM ab-
sorption. For our subsequent analysis, we integrate model spectra
over the SDSS r′ and i′ bandpasses. A more detailed analysis would
require knowledge of the individual response functions of each tele-
scope and the spectra of the calibration stars used; however, this
is not available and clearly beyond the scope of the present discus-
sion.
light curve, as well as the 5–83GHz SED at 1.5 d and
8.55d. To account for these deficits, we next investigate
the effect of including emission from additional compo-
nents. We delineate the evidence for their presence, and
consider their possible physical origins.
5. MULTI-COMPONENT MODELS
5.1. Reverse Shock
In Section 3.2, we discussed the apparent multi-
component structure of the radio SEDs between 1.5 d
and 18.2 d. In the previous section, we have shown that
while a single FS model can reproduce the gross features
of the radio light curves, such a model cannot explain the
multiple peaks in the SED at 1.5 d, the ≈ 14GHz peak
at 4.5 d, and the SED at 8.55 d. Of these, the greatest
discrepancy between data and model arises in the radio
SEDs at 1.5 d and 4.55d. We now consider whether each
spectral peak at 1.5 d can in turn be ascribed to radiation
from an RS.
An RS propagating into GRB ejecta is expected to
produce synchrotron radiation with its own set of char-
acteristic frequencies, νa,r, νm,r, and νc,r, and peak flux,
Fν,m,r. These quantities are related to those of the FS
at the deceleration time, tdec, when the RS just crosses
the ejecta, and the relation between the two sets of break
frequencies and fluxes allows for a determination of the
ejecta Lorentz factor and magnetization. After the RS
crosses the ejecta, the flux above νc,r declines rapidly
15 as
no electron is newly accelerated within the ejecta. Since
no radiation is expected above νc,r, a conservative lower
limit to the optical light curve can be computed by tak-
ing νc,r to be located near each observed radio spectral
peak at 1.5 d in turn.
For the high frequency component, this occurs in the
mm band (85.5GHz) at 1.5 d. For a wind-like cir-
cumburst environment, νc,r ∝ t
−15/8 for a relativis-
tic RS and νc,r ∝ t
−(15g+24)/(14g+7) for a Newtonian
RS, where 1/2 . g . 3/2 from theoretical arguments
(Me´sza´ros & Rees 1999; Kobayashi & Sari 2000). There-
fore, the slowest expected evolution of this break fre-
quency is ≈ t−1.7, whereupon it would have crossed the
optical r′-band at≈ 0.01d. The peak flux density evolves
as Fν,pk ∝ t
−(11g+12)/(14g+17) ∝ t−1. The flux density in
the CARMA 85.5GHz band at 1.5 d is ≈ 0.8mJy, which
yields a peak flux density & 120mJy at 0.01 d in the op-
tical, which is two orders of magnitude brighter than the
MASTER observations. Therefore, a regular RS cannot
explain the high-frequency radio peak at 1.5 d.
The low frequency spectral peak at 1.5 d occurs at
≈ 7GHz. Taking νc,r ≈ 7GHz and Fν,m ≈ 0.25mJy
at this time, we can show that relativistic RS models
over-predict the optical flux density before ≈ 4× 10−3 d
by two orders of magnitude and are therefore ruled out.
On the other hand, a Newtonian RS with g ≈ 2.3,
νa,r ≈ 4.2×10
9, νc,r ≈ 7.7×10
9, and Fν,a ≈ 0.28mJy re-
sults in spectra and light curves that represent the data
well. In this model, νm,r ≪ νa,r, and is therefore un-
constrained. Requiring that these values be consistent
with the FS at the deceleration time (tdec), we derive
15 The angular time delay effect prevents abrupt disappearance
of flux above νc,r; instead, we expect Fν>νc,r ∝ t
−
p+4
2 ≈ t−3.3
(Kobayashi & Zhang 2003).
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Figure 8. X-ray (top left), optical/NIR (top right) and radio (bottom) light curves of the afterglow of GRB 140304A, together with a FS
wind model, including energy injection between 0.15 d and 0.26 d (Section 4.3). The model matches the X-ray light curve after 5× 10−2 d,
the optical observations, and the overall features of the radio light curves.
tdec ≈ 1.2 × 10
−3 d (≈ 100 s ≈ 6T90), the Lorentz fac-
tor at the deceleration time, Γ(tdec) ≈ 300, and the RS
magnetization, RB ≡ ǫB,RS/ǫB,FS ≈ 0.6. Here, tdec is
constrained to be between the first two MASTER ob-
servations in order to not over-predict the flux at ei-
ther time. Whereas our derived value of g is higher
than the theoretically expected bounds for a wind en-
vironment, we note that previous studies have found
even higher values from observations and modeling of
GRB 130427A (Laskar et al. 2013; Perley et al. 2014).
The critical Lorentz factor separating the thick and thin
shell regimes is given by
Γcrit = 88
[
(1 + z)A∗
EK,iso,52T90
]1/4
, (4)
with Γ < Γcrit corresponding to the thin shell and New-
tonian RS regime (Kobayashi et al. 2004). For the FS
parameters in Table 6, Γcrit ≈ 690 and Γ(tdec) < Γcrit as
required; however, we caution that Γ(tdec), RB, and tdec
are all degenerate with respect to νm,r in this model.
Before tdec, the FS is expected to increase in energy as
the ejecta energy is transferred to the FS. A complete de-
scription of this process requires knowledge of the ejecta
Lorentz factor distribution and numerical simulations;
however, for a single shell this process can be approxi-
mated by linear energy injection E ∝ t (see Appendix B),
which yields a constant blast wave Lorentz factor akin to
the coasting phase of jet evolution (Duffell & MacFadyen
2015). We plot the resulting light curves and radio SEDs
in Figures 10 and 11, respectively.
5.2. Interstellar Scintillation
We note that detailed analysis for the low-frequency ra-
dio spectral component at 1.5 d is challenging due to the
increased contribution of interstellar scintillation (ISS)
expected at frequencies below ≈ 10GHz from the Milky
Way interstellar medium (ISM). It is possible that the en-
tirety of this component is caused by an upward fluctua-
tion due to ISS. The correlation bandwidth for diffractive
ISS is given by,
∆νD ≈ 2.8× 10
8(ν/5GHz)4.4GHz, (5)
toward this line of sight (Goodman & Narayan 2006).
This is of the same order as the observing bandwidth,
≈ 1GHz. The diffractive scintillation time scale,
tdiff ≈ 80(ν/5GHz)
1.2(v⊥/30 km s
−1)−1min, (6)
12 Laskar et al.
109 1010 1011
Frequency (Hz)
10-2
10-1
100
Fl
u
x
 d
e
n
si
ty
 (
m
Jy
)
0.45 d
109 1010 1011
Frequency (Hz)
10-2
10-1
100
Fl
u
x
 d
e
n
si
ty
 (
m
Jy
)
1.5 d
109 1010 1011
Frequency (Hz)
10-2
10-1
100
Fl
u
x
 d
e
n
si
ty
 (
m
Jy
)
2.55 d
109 1010 1011
Frequency (Hz)
10-2
10-1
100
Fl
u
x
 d
e
n
si
ty
 (
m
Jy
)
4.55 d
109 1010 1011
Frequency (Hz)
10-2
10-1
100
Fl
u
x
 d
e
n
si
ty
 (
m
Jy
)
8.55 d
109 1010 1011
Frequency (Hz)
10-2
10-1
100
Fl
u
x
 d
e
n
si
ty
 (
m
Jy
)
18.25 d
109 1010 1011
Frequency (Hz)
10-2
10-1
100
Fl
u
x
 d
e
n
si
ty
 (
m
Jy
)
41.3 d
109 1010 1011
Frequency (Hz)
10-2
10-1
100
Fl
u
x
 d
e
n
si
ty
 (
m
Jy
)
89.0 d
Figure 9. Radio spectral energy distributions of the afterglow of GRB 140304A at multiple epochs starting at 0.45 d, together with the
same FS wind model in Figure 8. The red shaded regions represent the expected variability due to scintillation. The model captures the
evolution after 18.25 d, but under-predicts the mm-band data and the observations above ≈ 10GHz before 8.55 d.
where v⊥ is the perpendicular velocity of the Earth rela-
tive to the line of sight. Here we have taken the distance
to the scattering screen of dscr = 1.1 kpc for a transition
frequency of νT ≈ 11.6GHz and a scattering measure,
SM = 3.5 × 10−4 kpcm−20/3 from the Galactic electron
density model, NE2001 (Cordes & Lazio 2002). Our C-
band and X-band observations at 1.5 d span ≈ 20min
each. We attempted to test for short-time scale vari-
ability by imaging each scan individually16. The results
do not reveal significant variability, suggesting that ei-
ther the observed spectral feature at 1.5 d is intrinsic to
the source, or the variability time scale is significantly
longer than probed by our observations. Our subse-
quent analysis incorporates the expected contribution of
both diffractive and refractive scintillation as described
in Laskar et al. (2014).
5.3. Reverse Shock from a shell collision
We note that our multi-wavelength analysis in Section
4.2 indicates a period of significant energy injection be-
tween 0.15 d and 0.26d. During this interval, the ob-
served rate of energy increase (E ∝ t3.8) is greater than
can be achieved from the gentle interaction of ejecta
16 The scan length is 510 s at C band and 309 s at X band.
shells with a simple power law distribution of Lorentz
factor. In particular, for injection due to ejecta mass
distribution of M(> Γ) ∝ Γ−s+1, the energy of the FS
increases as E ∝ tm, where m = (s − 1)/(s + 3) < 1.
However, if the increase in energy is due to a violent in-
teraction of two colliding shells, a greater rate of energy
increase is feasible (Lyutikov 2017; Lamberts & Daigne
2017). Such an interaction would generate a RS prop-
agating into the second shell and contribute to the ob-
served synchrotron radiation.
Since the energy injection at 0.15d is rapid, we expect
an RS to form at this time, which propagates through the
second shell while the injection process continues. After
the injection ends at 0.26d, radiation from the shock is
expected to fade as the shocked ejecta expand and cool
due to synchrotron and adiabatic losses. In Figures 10
and 11, we present a model with an additional Newtonian
RS that is launched at a collision time of tcol ≈ 0.15 d,
and propagates through the ejecta until the end of in-
jection at 0.26d. This model requires νa,r ≈ 60GHz,
νc,r ≈ 2 × 10
13Hz, g ≈ 2, and Fν,a ≈ 1.3mJy, with
νm,r ≪ νa,r. For this value of g, νc ∼ t
−1.5
x and
Fν,pk ∼ t
−1
x , where tx = t − tcol, which agree well with
the basic properties of Component II derived in Section
3.4.2.
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Figure 10. Same as Figure 8, now including energy injection between 0.15 d and 0.26 d (Section 4.3), a standard RS contributing to the
optical/NIR light curve before 2 × 10−3 d and to the radio at 1.5 d (Section 5.1), and a refreshed RS contributing to the mm-band light
curve (Section 5.3).
The Lorentz factor of the second shell is then given by,
Γ2 = 2
1/2Γ1
(
1−
∆tL
tcol
)−1/2
, (7)
where Γ1 is the Lorentz factor of the FS at the time of
collision and ∆tL is the interval in the observer frame
between the ejection of the two shells (Appendix C).
From the energy injection model, tcol ≈ 0.15d. From
the Blandford & McKee (1976, BM) solution, Γ1 ≈ 110
for the FS at this time for the parameters derived in Sec-
tion 4.2. The two quantities ∆tL and Γ2 are degenerate
– a shell emitted at a later time may catch up at the
same collision time, tcol if Γ2 is higher. We can break
this degeneracy by invoking additional information from
the X-ray light curve. If we suppose the X-ray flaring
activity up to ≈ 10−2 d is related to the ejection of this
second shell, then we determine Γ2 ≈ 160. While this
computation relies on several assumptions, we note the
resulting Lorentz factor is lower than Γ(tdec) ≈ 300 for
the ejecta derived in Section 5.1.
6. SUMMARY AND DISCUSSION
We present detailed multi-frequency, multi-epoch ra-
dio observations of GRB 140304A at z = 5.283 span-
ning 1GHz to 86GHz and 0.45d to 89 d. The radio
and mm SEDs comprise at least three distinct spectral
components. We investigate physical models responsi-
ble for each emission component through detailed multi-
wavelength analysis in the standard synchrotron emission
paradigm.
The first component may arise either from extreme
scintillation, or from a Newtonian RS propagating
through the first ejecta shell. In the latter case, we de-
rive a Lorentz factor of Γ(tdec) ≈ 300, a deceleration
time, tdec ≈ 1.2×10
−3 d, and weak ejecta magnetization,
RB ≈ 0.6. However, these parameters are degenerate
with respect to the unknown value of the characteristic
frequency, νm,r, which is located below the radio band at
all times.
The second component is consistent with emission from
a refreshed RS produced by the violent collision of two
shells with different Lorentz factors emitted at different
times. The collision injects energy into the FS, which
manifests as a re-brightening in the X-ray light curve.
The initial Lorentz factor of the second shell is degenerate
with its launch time; if the flaring activity observed in the
X-ray light curve is associated with the creation of this
shell, we can break this degeneracy and obtain Γ ≈ 160.
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Figure 11. Same as Figure 9, but for the model (solid) shown in Figure 10 decomposed into FS (dashed) and RS (dotted) contributions.
The two RS components are best distinguished at 1.5 d, where the lower frequency component arises from a RS in the original shell
producing the GRB, while the higher frequency component arises from the collision of two shells at 0.15 d, which also produces the X-ray
re-brightening. The red shaded regions represent the expected variability due to scintillation.
The third component is consistent with synchrotron
radiation from a forward shock propagating into a wind
medium with A∗ ≈ 2.6 × 10
−2, corresponding to a pro-
genitor mass loss rate of M˙ ≈ 3 × 10−7M⊙ yr
−1 for
a wind velocity of 1000km s−1. The total energy of
the ejecta inferred from modeling the FS using the X-
ray, optical/NIR and radio observations after 0.26d is
EK,iso ≈ 5× 10
54 erg. The inferred prompt efficiency de-
rived by comparing Eγ with the final ejecta kinetic en-
ergy is low, η ≈ 2%. However, the true prompt efficiency
is expected to be related to the energy of the first shell,
EK,iso ≈ 6× 10
53 erg. Assuming this shell is responsible
for the prompt γ-rays, we obtain a prompt efficiency of
η ≈ 17%, commensurate with the internal shock model
(Kobayashi et al. 1997). The radio observations suggest
a jet break at ≈ 11 d, yielding a narrow jet opening angle
of θjet ≈ 1.1 deg. The small opening angle is in accor-
dance with our previous work showing evidence of a nar-
rower median opening angle for GRBs at z & 6 compared
to events at lower redshift (Laskar et al. 2014). The re-
sulting beaming-corrected energies are EK ≈ 10
51 erg
and Eγ ≈ 2× 10
49 erg.
The proposed model matches the X-ray, optical, NIR,
and radio observations over five orders of magnitude in
time from 10−3 d to 89 d. For completeness, we have con-
sidered alternate scenarios that do not invoke multiple
radio components. However, no scenario can simulta-
neously explain the X-ray re-brightening, together with
the observed optical and radio evolution as well as the
three-component radio SEDs.
7. CONCLUSIONS
The bright radio afterglow of GRB 140304A has
yielded unexpected riches: the presence of multiple
radio spectral components and a late-time X-ray re-
brightening. Together with optical observations, the ra-
dio components are suggestive of multiple shocks partly
arising from a period of energy injection initiated by the
collision of two relativistic shells. Whereas the details of
the radio SEDs cannot be perfectly matched even with
multiple emission components, the residual offsets are
consistent with an origin in interstellar diffractive scin-
tillation. These observations highlight the importance
of disentangling the effects of scintillation from intrin-
sic physical processes, a process that is challenging given
the current uncertainty in scintillation theory. Further
multi-frequency observations of GRB afterglows in the
cm and mm-bands, coupled with advances in scintilla-
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tion theory will be key to a detailed understanding of
these new physical effects.
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APPENDIX
A. ADDITIONAL FORWARD SHOCK-ONLY
MODELS
In the main text, we show that the radio to X-ray emis-
sion of the afterglow is consistent with FS and RS radia-
tion in a wind-like circumburst environment. We present
ISM models here for completeness. There are three pos-
sible scenarios depending on the location of νc relative to
νNIR and νX as discussed in Section 4.2, and we describe
each in turn. The resulting best-fit parameters are sum-
marized in Table 7. The figures and tables associated
with these models are available in the on-line version of
the journal. We note that these models significantly un-
derpredict the r′-band light curve before ≈ 0.1d and are
therefore disfavored17.
A.1. High cooling frequency, νc > νX
If νm < νNIR < νX < νc, we require p ≈ 2.9 to explain
the optical/NIR and X-ray light curves (Section 4.2).
The resulting model fits the X-ray and NIR observations
after 0.2 d, and the radio SED at 8.5 d and 18.25d. How-
ever, it over-predicts the 4.9GHz flux density and under-
predicts the CARMA observation at 0.45 d, results in an
excess at≈ 15GHz at 1.5 d, severely over-predicts the 4.9
and 7.0GHz data at 2.5 d, does not match the steep ra-
dio spectrum at 4.5 d, and marginally under-predicts the
radio SED at 41.3 d (Figures 12 and 13). In addition, the
model requires18 a very high isotropic-equivalent kinetic
energy, EK,iso ≈ 3 × 10
56 erg, a low density, and a very
small jet opening angle, θjet ≈ 0.5 deg.
17 Attempting to explain the deficit as RS emission either over-
predicts the data at other wavelengths or yields unrealistic param-
eters in conjunction with the FS model, such as Γ(tdec) ≈ 10.
18 Since both νa and νc are unconstrained by this model, the
physical parameters can by scaled as ǫe = ǫ∗e(νa/ν
∗
a )
5/6(νc/ν∗c )
1/4,
ǫB = ǫ
∗
B(νa/ν
∗
a )
−5/2(νc/ν∗c )
−5/4, n0 = n∗0(νa/ν
∗
a )
25/6(νc/ν∗c )
3/4,
and EK,iso = E
∗
K,iso(νa/ν
∗
a )
−5/6(νc/ν∗c )
1/4 without modifying the
spectrum (modulo inverse Compton corrections), where the pa-
rameters with asterisks refer to the values in Table 7. In the limit
ǫe → 1, EK,iso → 1.3× 10
55 erg remains high.
A.2. Low cooling frequency, νc < νNIR
If both νm and νc are below νNIR, the optical/NIR and
X-ray light curves do not distinguish between ISM and
wind environments. In this scenario, the expected light
curve decline rate is α ≈ −1. The observed decline rate is
αX ≈ −1.5 and αNIR . −1.8, which can be explained as
a jet break between ≈ 0.3 and ≈ 2 d. This model matches
the X-ray light curve after 0.2 d, requiring a jet break at
≈ 2.5 d. It also fits the 5–40GHz SED at 0.45d, 1.5 d,
and after 8.5 d. However, it significantly over-predicts
the 5–7GHz observations at 2.55d, does not match the
steep spectrum below 10GHz, and slightly over-predicts
the optical/NIR limits at 1.58 d (Figures 14 and 15).
A.3. Intermediate cooling frequency, νNIR < νc < νm
For the spectral ordering νm < νNIR < νc in the
ISM environment, we expect αNIR = 3(1 − p)/4. Since
αNIR . αz′ ≈ −1.3, this requires p & 2.73, which yields
αX = (2 − 3p)/4 . −1.55, consistent with observations.
The H-band flux density at 0.58 d corrected for Galactic
extinction is FH = (12.3±0.9)×10
−2mJy. Interpolating
the X-ray light curve between 0.2 d and 3 d, the X-ray
flux density at this time is FX = (12.9± 1.4)× 10
−5mJy
(Section 3.1). For p ≈ 2.73, the spectral index on either
side of the cooling frequency is β = (1−p)/2 ≈ −0.87 for
ν < νc and β = −p/2 ≈ −1.36 for ν > νc. This allows
us to locate νc ≈ 6.6× 10
16Hz at 0.58 d.
Fitting the gross features of the radio SED at 1.5 d as
a ν1/3 power law, the millimeter-band (νmm = 85.5GHz)
flux density at 0.58 d,
Fmm(0.58 d) = Fmm(1.5 d)× (0.58/1.5)
1/2 ≈ 0.5mJy.
(A1)
Requiring that this connect with the NIR SED at 0.58 d,
we have
Fmm = fν,max
(
νmm
νm
) 1
3
= FH
(
νm
νH
) 1−p
2
(
νmm
νm
) 1
3
,
(A2)
which yields νm ≈ 7 × 10
12Hz at 0.58d. This spectrum
requires extreme parameters (low density and high en-
ergy), while νa remains unconstrained (Table 7). The
resulting light curves and SEDs are presented in Figures
16 and 17. We note that the resulting parameters are
very similar to the model described in Section A.1, the
difference in the location of νc being offset by the slightly
different value of p.
B. THE EARLY FS
The energy of the FS increases before tdec, while the
RS is still crossing the ejecta. During this coasting pe-
riod, the Lorentz factor, Γ0, of the jet is approximately
constant if the RS is Newtonian (Gao et al. 2013). Thus,
the observer time, tobs ∼ t/Γ
2
0 ∝ t, where t is the time
in the frame in which the circumburst medium is at rest.
The FS radius, r ∝ t, and the energy density of the
shocked ISM, ε ∝ Γ20ρ ∝ r
−k. The energy of the FS then
increases as
dE
dt
= ε4πr2
dr
dt
∝ r2−k, (B1)
and thus E ∝ r3−k. For a wind medium, this gives E ∝
r ∝ t ∝ tobs, and the blast wave energy increases linearly
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with observer time.
C. SHELL COLLISIONS
Consider a central engine that emits two shells of
Lorentz factors, Γ1, and Γ2 at times t = 0 and t = ∆t,
respectively, where t is measured in the frame in which
the circumburst medium is at rest. After the first shell
is decelerated by the environment, its radius is given by
the BM solution,
R1(t) =
[
1−
1
2(4− k)Γ1(t)2
]
ct, (C1)
The two shells collide at a time t1, when the Lorentz
factor of the first shell is reduced to Γ1(t1), also given by
the BM solution,
Γ1(t) =
[
(17− 4k)E
8πAc−kt3−k
]1/2
(C2)
The second shell moves with a constant Lorentz factor,
and its radius is given by
R2(t) = c(t−∆t)
(
1−
1
2Γ22
)
(C3)
We can take the time of collision between the shells to
be when their radii are equal,
R1(t1) = R2(t1), (C4)
which yields
1−
1
2(4− k)Γ1(t1)2
=
(
1−
∆t
t1
)[
1−
1
2Γ2(t1)2
]
. (C5)
The observer time,
tz = (1 + z)(t−R/c) = (1 + z)
t
2(4− k)Γ21
(C6)
Thus, the collision time in the observer frame,
tcol = (1 + z)
t1
2(4− k)Γ21
, (C7)
while the shell launch delay in the observer frame,
∆tL = (1 + z)∆t. (C8)
Equation C5 then reduces to
∆tL
tcol
=
1−
(4−k)Γ21
Γ22
1− 1
2Γ22
≈ 1−
(4 − k)Γ21
Γ22
, (C9)
where we have ignored the second term in the denomi-
nator assuming Γ2 ≫ 1. For k = 2, this gives
Γ2 = 2
1/2Γ1
(
1−
∆tL
tcol
)−1/2
. (C10)
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Table 7
Parameters for best-fit ISM models
Parameter Model 1 Model 2 Model 3
Ordering at 0.1 d νc > νX νc < νNIR νNIR < νc < νX
p 2.86 2.11 2.73
ǫe 2.7× 10−2 0.38 3.2× 10−2
ǫB 1.1× 10
−4 0.13 2.8× 10−3
n0 1.0× 10−4 0.76 4.2× 10−4
EK,iso,52 (erg) 2.6× 10
4 14.1 2.1× 103
tjet (d) 1.86 1.5 2.5
θjet (deg) 0.53 3.9 0.98
AV (mag) 0.08 0.07 0.15
νsa(Hz) . . . 4.7× 108† . . .
νac(Hz) . . . 1.6× 1010 . . .
νa (Hz) 2.6× 107† . . . 6.6× 107†
νm (Hz) 1.8× 1014 8.5× 1014 2.8× 1014
νc (Hz) 1.4× 1018 1.0× 1013 1.7× 1017
Fν,max (mJy) 2.1 3.2 1.7
Eγ (erg)
EK (erg) 1.1× 10
52 3× 1050 3.1× 1051
Etot (erg)
ηrad
Note. — All break frequencies are listed at 0.1 d. † These
break frequencies are not directly constrained by the data.
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Figure 12. X-ray (top left), optical/NIR (top right) and radio (bottom) light curves of the afterglow of GRB 140304A, together with an
FS ISM model with νNIR, νX < νc including energy injection between 0.15 d and 0.26 d (Section 4.3). The model significantly under-predicts
the optical light curve before 4× 10−2 d, and is therefore disfavored.
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Figure 13. Radio spectral energy distributions of the afterglow of GRB 140304A at multiple epochs starting at 0.45 d, together with the
same FS ISM model with νX < νc as in Figure 12. The red shaded regions represent the expected variability due to scintillation.
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Figure 14. X-ray (top left), optical/NIR (top right) and radio (bottom) light curves of the afterglow of GRB 140304A, together with an
FS ISM model with νc < νNIR including energy injection between 0.15 d and 0.26 d (Section 4.3). The model significantly under-predicts
the optical light curve before 4× 10−2 d, and is therefore disfavored.
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Figure 15. Radio spectral energy distributions of the afterglow of GRB 140304A at multiple epochs starting at 0.45 d, together with the
same FS ISM model as in Figure 14. The red shaded regions represent the expected variability due to scintillation.
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Figure 16. X-ray (top left), optical/NIR (top right) and radio (bottom) light curves of the afterglow of GRB 140304A, together with an
FS ISM model with νNIR < νc < νX including energy injection between 0.15 d and 0.26 d (Section 4.3). The different X-ray decay rate
expected compared with the case of νc > νX is offset here by a slightly different value of p (Table 7). The model significantly under-predicts
the optical light curve before 4× 10−2 d, and is therefore disfavored.
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Figure 17. Radio spectral energy distributions of the afterglow of GRB 140304A at multiple epochs starting at 0.45 d, together with the
same FS ISM model in Figure 16. The red shaded regions represent the expected variability due to scintillation.
